Introduction
The circulation system in the Indian Ocean north of about l0°S undergoes drastic seasonal changes under the influence of the seasonally reversing monsoon wind system. During the winter monsoon, November to February, the Somali Current flows southward, carrying water from the Arabian Sea across the equator, where it merges with the northward flowing East African Coast Current at a latitude range of 2°-4°S to form the eastward flowing South Equatorial Counter Current. How much water is transferred across the Arabian Sea from south of the Indian peninsula to feed into the northern part of the Somali Current is not clear at the present time. Climatological surface current maps derived from historical ship drifts [Cutler and Swallow, 1984; Rao et al., 1989) show a westward flow south of India/Sri Lanka during the winter monsoon, partly continuing westward at low latitudes, and partly branching toward the northwest into the Arabian Sea. This current is referred to here as the Northeast Monsoon Current (NMC). How it relates to the Copyright 1994 by the American Geophysical Union.
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0148-0227/94/94JC-02216$05.00 overall circulation of the northern Indian Ocean is not well understood. While during the early part of the winter mon soon a well-established southward boundary current in the Bay of Bengal is detectable in the ship drifts, suggesting a linkage of both basins via the NMC, the source of the westward flow south of Sri Lanka in the later part of the winter appears to originate more to the east, in the same latitude belt. Surface water mass signatures south and west of Sri Lanka [e.g., Wyrtki, 1971) show a westward and northwestward spreading of low-salinity Bay of Bengal water in the winter monsoon, confirming the linkage function of the NMC. A similar linkage is also present in the numer ical model studies reported by McCreary et al. [1993) . In their solution, the flow around the Indian subcontinent is generated by the propagation of baroclinic Kelvin waves.
During the summer monsoon, June to September, the Somali Current flows northward, feeding the "Great Whirl" between 5° and l0°N, and it has not yet been satisfactorily established how much of its transportjust recirculates south ward offshore and how much actually enters the interior Arabian Sea and is transferred eastward toward India. The ship drifts show the current south of India/Sri Lanka (South west Monsoon Current, SMC) to flow eastward during this 25,127 , 1989] , suggesting again that the Monsoon Current links both circulation systems during this period. On the other hand, in model realizations, the SMC seems to carry water from lower latitudes in the west of Sri Lanka eastward rather than being fed by a boundary current along the west coast of India [e.g., Woodberry et al., 1989; Semtner and Chervin, 1992] . The surface salinity distribution [Wyrtki, 1971] shows propagation of higher-saline waters eastward south of Sri Lanka during this season which are originating in the west and offshore of India and clearly separated from the low-salinity waters of the Indian shelf and continental slope region.
In the transition periods between the monsoons, i.e., April-May and October-November, eastward winds over the equator drive the Wyrtki (1973] equatorial surface jet with velocities of 80 cm s -I in the central Indian Ocean [Reverdin, 1987; Rao et al., 1989] . This semiannual signal has effects on the seasonal cycle elsewhere in the tropical Indian Ocean, e.g., by forcing semiannual variability in the Somali Current through Rossby wave radiation [Visbeck and Schott, 1992] or circulation variability in the Bay of Bengal through Kelvin and Rossby wave radiation [Potemra et al., 1991] . The semiannual currents in the equatorial belt of the central Indian Ocean decay significantly in the meridional direction [Rao et al., 1989; Visbeck and Schott, 1992] but should still provide a nonnegligible contribution to the variability of the Monsoon Current.
Almost no measurements exist that describe the subsur face structure of the Monsoon Current. As observed by Shetye et al. [1990] during the summer monsoon, the sub surface How underneath the southward surface How off the west Indian coast was in the opposite direction, as is typical for an eastern boundary coastal upwelling regime. Whether that undercurrent extended outhward to Sri Lanka re mained unknown.
A mea urement program with moored current-meter sta tion and hip ection aero the Mon oon Current ( Figure  la ) wa carried out a part of the World Ocean Circulation Experiment (WOCE) Indian Ocean program, beginning in December 1990 with the deployment of three moorings (Figure lb) . two of which carried upward looking acoustic Doppler current profilers (ADCP ). During the deployment cruise with R/V Sonne, measurement with hipboard ADCP, Pega u current profiler and conductivity-tempera ture-depth (CTO)/sonde were carried out aero s that cur rent. That urvey showed low-salinity water with nearurface minimum value down to 32 p u near the coa t of Sri Lanka, eparated by a front near 4°15'N from the more aline Tropical Surface Water. The How of this low-alinity water was we tward and confined to the upper 100 m. The low alinity uggested the origin of this water to be the northern Bay of Bengal from where it is presumably carried to Sri Lanka via a outhward we tern boundary current. The moorings were recovered during March 3-5, 1992, and thus covered the late winter monsoon phase of two consecutive years, 1991 and 1992. Only few shipboard measurements could be taken during the retrieval cruise because a harbor tug had to be used for lack of research vessel availability. These observations showed a similar situation of currents and tratification as in January 1991: low-surface salinities (34.�34.4 p u) and westward near-surface How. A later cruise in July 1993, again with R/V Sonne, showed eastward near-surface How, commensurate with the summer monsoon situation. This flow occurred in a much broader latitudinal band than observed during the winter monsoon, and was separated from the Sri Lankan coast by a small belt of low-salinity westward flow. This paper presents the results of the moored current measurements and derived transports and discusses sea sonal developments of the circulation in relation to other evidence, e.g., from our own ship sections, from historical ship drift data and from numerical models. The focus here will be on the seasonal cycle of the near-surface flow. There is also a complex structure observed in the deep flow that may be part of oscillations in the equatorial wave guide and will be addressed elsewhere in conjunction with the evalua tion of near-equatorial observations still in progress.
The Observations
The northernmost mooring was deployed on December 28 at 5°39'N, over 3000-m water depth on the steep continental slope ( Figure I ). The spacing of the other two moorings was decided upon after the ship returned northward from its measurement program along 80°30'E that extended to 6°S. After the seaward edge of the boundary current was found near 4°15'N, the southern station of the array, K3, was placed at 4°11 'N and K2 at 5°00'N. Stations K I and K3 both carried an upward looking ADCP at 260-m depth to measure the near-surface currents with 8-m vertical resolution. The central mooring was equipped with rotor current meters at 14 4 m, 202 m, and 312 m. All moorings carried Aanderaa rotor current meters (RCMs) near 700 m and 1000 m, and at K2, deeper records were also obtained at 2035 m and 35 43 m. The time interval of the ADCP and rotor current measurements was 2 hours and 1-3 hours, respectively. The RCMs returned good data with only minor gaps or quality losses.
The ADCP on K3 yielded a perfect record with a closest near-surface level of good data of 30 m, due to side lobe interference of vertically traveling rays of the 20° inclined transducers. At station K I, some problems were encoun tered with the data quality of the ADCP, which at times emitted reduced energy, resulting in additional reduction of good data range. This loss in range resulted in an uppermost level of reasonable data quality al station Kl of 75 m, and some gappy information from 50-m depth. Deployment information on the three stations as well as annual means and standard deviations are shown in Table I . Since for the purpose of this paper the tides and other high-frequency fluctuations are not of interest, the current-meter time series were low-pass fi ltered with a cutotf period of 40 hours. Current-vector time series of the low-passed currents are shown in Figures 2a-2c for stations Kl-K3.
The first obvious result is that, except probably for the uppermost ADCP records at the nearshore station K I, a clear seasonal reversal, i.e., a dominant annual harmonic, in con junction with the monsoon phases is not obvious. K I currents show westward flow in both December to February phases for the upper 100 m (Figure 2a ). In summer, the shallowest records show dominantly eastward currents during July and August, but already at 100 m the current alternated or was dominantly westward. The next station out, K2, with its top RCM at 144 m (Figure 2b ), did not cover the shallow near-surface flow. The southern ADCP, at K3 (Figure 2c ), similar to Kl, showed a westward surface current during both winter monsoons, but the eastward currents in summer occurred earlier than at K I, already from early June to mid-July. 
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Transport Calculations
For the transport calculations from the levels below 150 m, we used a horizontal interpolation scheme that assumed the mean velocities of Kl to be representative from the shelf edge (5°52'E; Figure lb) to the middle position between Kl and K2, corresponding to a segment width of 60 km. From there to halfway between K2 and K3 the K2 velocities were used, corresponding to a segment width of82 km. From that midpoint to K3 and continuing the same distance to the south (to 3°45'N) the K3 values were used, corresponding to a segment width of 92 km.
For estimating the near-surface transports, two different methods were employed. One used the monthly mean ship drifts (Figure 6 ) for extrapolation to the surface; the other one, vertical shear extrapolation of the ADCP profiles at Kl and K3. Since an upward extrapolation at the central station from 203 m and 144 m would totally underestimate the surface current due to the instruments' being below the main current (Figures 3a and 3b) (Figure 7) for the latitude range 3°45'-5°52'N. A phase of consistently eastward transport occurs during June-July, and transports are generally west ward during both January-February observation periods. Shorter-period fluctuations with amplitudes of about 5 Sv are superimposed, for which, of course, the realism is question able due to the coarse array resolution. Table 2 and Figure 8 show the transports for depth increments for different averaging periods and for both vertical extrapolation methods. The calculated annual mean transports are 2-3 Sv to the west, i.e., not significantly different from zero.
For the winter monsoon average, the westward transport of the NMC down to 300-m depth was 12.8 Sv for the period January 10 to February 15, 1991, and 10.4 Sv during the equivalent period of 1992 when using shear extrapolation, and slightly lo wer when using the weaker climatological ship drifts (Figure 3a) as surface currents. Down to 100 m the transport is nearly the same in both years, and hence the Table 2 shows the transports for the periods distinguished in the previous sections, i.e., the period of strong eastward currents at K3 (June I to July 5), and the subsequent period of eastward currents at K I (July 10 to August 15). For the first period the shear-extrapolated transport above 300 m was 8.4 Sv to the east, but stronger with the ship drifts used, which were higher during this period at both K I and K3 than the shear-extrapolated surface currents. For the second period the subsurface counterflow (Figure 8 ) decreased the east ward transport to about 4 Sv. This countercurrent appeared at the end of July at the 1000-m level at Kl and reached, with an upward phase propagation, the 100-m level in mid-August (Figure 2a) , reducing even the zonal velocities at the 50-m level. The total transport for the period June I to August 15 above 300 m was 7.8 Sv from shear extrapolation, in good agreement with ship drift extrapolation.
The shipboard ADCP measurements in 1993 (Figure 4c ) for the situation similar to the June period of the moored data, i.e., when the current maximum was located near Sri Lanka, resulted in an eastward transport of 11.1 Sv above 300 m for the array domain ( Figure 7 ) and 15 Sv north of 2°N. The contribution of 4 Sv to the SMC from south of our array, i.e., between 3°45'N and 2°N, as obtained by the shipboard ADCP, may serve as an estimate of the transport error due to the poor coverage of the monsoon current with only three moorings. Extrapolating the current profile at K3 linearly to zero at 2°N would add a similar amount (2.6 Sv) to the array transport of the summer monsoon period.
Annual and Semiannual Components
Despite the visibly high content of shorter than semian nual variability in the current records, about one third to half of the variance of the zonal currents recorded during 1991/ 1992 with the moored instruments is explained by the annual and semiannual harmonics (Table 3) . Near-surface records of the zonal current component that entered into the trans port calculations are shown in Figure 9a , with the composite of the first two harmonics superimposed. The annual har monic amplitude at 50-m depth is about 20 cm s -I at K I, and the phase of the maximum advances from mid-July near the coast to about a month earlier at the southernmost station. This phase difference is not signifi cant, though, given the phase errors of typically 3�50° of the harmonic fi ts. At the deeper levels. down to 2000 m, the amount explained is similarly as high as or partly even higher than in the near-surface layer with mean annual and semiannual ampli tudes of 5.4 and 5.5 cm s -I, respectively, when averaged for the 400-to 2000-m range. As mentioned above, these deep variations and their possible physical causes will be ad dressed in a different paper, together with near-equatorial observations.
The annual harmonic transport amplitude (Figure 9a ) is 7. I Sv, and the corresponding phase of the eastward maximum is in July. The semiannual signal is 2. 1 Sv with its eastward maxima in early June and early December, i.e., I month after the maximum of the semiannual equatorial jet. Both •Gappy record.
harmonics superimpose for an overall maximum in early summer and explain half the moored transport variance. Harmonics for the ship drift currents are presented in Figure 9b . While the annual amplitude fa lls off from >50 cm s -• near the Sri Lankan coast to <20 cm s -• north of the equator, the semiannual amplitude falls from about 40 cm s -• near the equator to values < I O cm s -• near Sri Lanka. The annual harmonic in the ship drifts has its maximum in July, in agreement with the near-surface mooring results; the phase advances only slightly toward the equator, suggesting that the difference between the two current-meter stations is due to aliasing by the mesoscale variability rather than a representation of reality.
The semiannual ship drift harmonic has its maximum in April (and October) near the equator, representing the semiannual equatorial jet, and shifts by about I month toward Sri Lanka. This is not in agreement with the results from the moored stations (Table 3 ). The reason for this discrepancy may be the meandering of the SMC, which makes it appear at Kl and K3 at different times (Figure 2) . This meandering when aliased by poor array resolution, can result in an artificially increased second harmonic ( Figure  9a ). This may explain the high amplitudes of the semiannual harmonics relative to the annual harmonics (Table 3) , which cannot be seen in the ship drifts at this Latitude (Figure 9b) , and the phase difference of the semiannual harmonic against the equatorial jet.
Discussion
We 
